ABSTRACT
B
ahiagrass is the primary pasture grass for beef cattle (Bos spp.) and horses (Equus caballus) in Florida, and it is grown on more than one million hectares. It produces 85 to 90% of annual herbage yield during April through September (Mislevy and Everett, 1981; Kalmbacher, 1997) . Bahiagrass forage production is reduced when nighttime temperatures are below 15°C (Mislevy, 1985) . Diploid bahiagrasses such as Pensacola and Tift on 9 generally produce more early-and late-season herbage than tetraploid cultivars like Argentine that initiate growth later in the spring (Chambliss and Adjei, 2006) .
Commonly used bahiagrass cultivars such as Pensacola and Tift on 9 are sensitive to short daylengths, which induces a reduction in aboveground growth during the late summer and autumn (Sinclair et al., 1997) . During this time, remaining live herbage continues to photosynthesize, but instead of using photosynthate to produce new aboveground tissue, plants accumulate storage organ mass and store photosynthate as nonstructural carbohydrates in stem bases and rhizomes (Th ornton et al., 2000) . Th is response allows plants to eff ectively prepare for winter survival and early spring regrowth, periods when photosynthetic production is inadequate to meet growth demand (Th ornton et al., 2000) . Limited bahiagrass herbage accumulation during November through April has occurred even when temperature, soil moisture, and soil fertility were adequate for substantially greater growth, supporting the conclusion that daylength sensitivity contributes signifi cantly to the lower herbage production observed (Sinclair et al., 1997) .
Breeding and selection has resulted in development of PCA bahiagrass lines with potential to extend the grazing season and reduce winter feed costs (Blount et al., 2001) . Greater production of the PCA Cycle 4 during November through April has been documented (Blount et al., 2008) . Of concern is whether the greater cool-season production of PCA types will aff ect their long-term persistence and productivity when defoliated. Th is issue has not been explored with bahiagrass, but for alfalfa (Medicago sativa L.) fall dormancy has oft en been used to predict cultivar diff erences in winter hardiness (Volenec et al., 2002) .
Th ere are no known studies evaluating yield and nutritive value responses of PCA bahiagrass breeding lines to defoliation management. Characterization of PCA response to a range of defoliation treatments is needed to assess its fi tness for use by producers. Th erefore, the objectives of this study were to determine the eff ects of harvest frequency and stubble height on total and seasonal DM yield and herbage nutritive value of a PCA bahiagrass breeding line relative to existing cultivars.
MATERIALS AND METHODS

Experimental Site
Th is fi eld study was conducted at the University of Florida Beef Research Unit, northeast of Gainesville, FL (29°43´ N, 82°16´ W). Soils were classifi ed as Spodosols (sandy, siliceous, hyperthermic Ultic Alaquods from the Pomona series) with average pH of 6.8. Average Mehlich-I extractable soil P, K, Mg, and Ca concentrations at the beginning of the experiment were 14, 25, 82, and 731 mg kg -1 , respectively.
Treatments and Design
Th is experiment evaluated the eff ects of two harvest frequencies and two stubble heights on bahiagrass DM yield (3 yr) and nutritive value (2 yr) responses. Treatments (n = 20) were the factorial combinations of two harvest frequencies, two stubble heights, and fi ve bahiagrass germplasms arranged in three replications of a randomized complete block design. From here forward, the fi ve bahiagrasses will be referred to as entries.
Harvest frequencies were 7 and 21 d, and stubble heights were 4 and 8 cm. Defoliation treatments were selected to impose a range of stress on the fi ve entries because bahiagrass cultivars such as Pensacola are valued due to their tolerance of close, frequent defoliation. Sexual diploid entries evaluated were Pensacola, Tift on 9, and PCA Cycle 4. Apomictic tetraploid entries were Argentine and Tift on 7. Pensacola, Tift on 9, and Argentine are commonly used bahiagrass cultivars in Florida, while PCA Cycle 4 is a novel breeding line selected for improved cold tolerance, seasonal distribution of forage production, and nutritive value (Blount et al., 2001) . A PCA population has been approved for release by the University of Florida Agricultural Experiment Station as 'UF-Riata' (Blount et al., 2008) . Tift on 7 is a noncommercial apomictic genotype.
Th ere was limited PCA Cycle 4 seed, so seedlings of all entries were grown in speedling fl ats in the greenhouse before being transplanted to the fi eld in July 2004. During each of these years, plots were fertilized in March with 40 kg N, 18 kg P, and 66 kg K ha -1 . Plants were staged by clipping to the treatment stubble height on 1 or 3 May and fertilized with 40 kg N ha -1 immediately aft er staging. Six weeks later, plots were fertilized with 40 kg N, 18 kg P, and 66 kg K ha -1 . Plots were then fertilized with 40 kg N ha -1 at the beginning of each of the two remaining 6-wk cycles (12 and 18 wk aft er staging) until the end of the trial. Total-season fertilizer application during the trial was 200 kg N, 36 kg P, and 132 kg K ha -1 yr -1 . Fertilization was guided by soil test recommendations for P and K; N application was based on anticipated N removal in harvested biomass.
Response Variables Dry Matter Yield
Dry matter yield was determined by clipping a 0.25-m 2 circular quadrat from the interior of the plot to the appropriate stubble height. Remaining plot area was mowed to the target stubble height and raked to remove clippings. Herbage samples were dried at 60°C to constant weight, weighed, and ground in a Wiley mill (Model 4 Th omas-Wiley Laboratory Mill, Th omas Scientifi c, Swedeboro, NJ) to pass a 1-mm screen before laboratory analyses. Total DM yield was determined by summing yields across harvests each year. To evaluate seasonal distribution of yield, herbage yield was calculated for the eight, 21-d periods during each of the 3 yr. Within a 21-d period, these data represent the sum of three harvests for the 7-d defoliation frequency plots and a single harvest for the 21-d plots.
Herbage Nutritive Value
For N analysis, samples were digested using a modifi cation of the aluminum block digestion procedure of Gallaher et al. (1975) . Sample weight was 0.25 g, catalyst used was 1.5 g of 9:1 K 2 SO 4 :CuSO 4 , and digestion was conducted for 4 h at 375°C using 6 mL of H 2 SO 4 and 2 mL H 2 O 2 . Nitrogen in the digestate was determined by semi-automated colorimetry (Hambleton, 1977) . Crude protein (CP) was calculated as N multiplied by 6.25. In vitro digestible organic matter was determined using a modifi cation of the two-stage technique as described by Moore and Mott (1974) .
Herbage CP and IVDOM concentrations were measured for the eight 21-d harvest periods during the growing seasons of 2005 and 2006 (not measured in 2007) . Herbage samples for 7-d treatments from three consecutive harvests were composited before grinding so that there would be one sample per plot per 21-d period for nutritive value analyses, regardless of harvest frequency. Laboratory analyses for CP and IVDOM concentrations were conducted on these samples. Each year, CP and IVDOM yields were calculated across harvests and divided by total DM yield (for CP) or organic matter yield (for IVDOM) to give weighted total-season herbage CP and IVDOM concentrations.
Statistical Analyses
Statistical analyses were performed using Proc Mixed of SAS (SAS Institute, 1996) . Entry, stubble height, harvest frequency, year, and their interactions were considered fi xed eff ects and replicate and its interactions random eff ects. Year was considered fi xed because of the potential for carryover eff ects of treatments from Years 1 and 2. Year was included in the model as a subplot treatment in a split-plot arrangement, with the treatment combinations being the main plots. Th e PDIFF function of the LSMEANS procedure was used to compare entry means. Diff erences among stubble height and harvest frequency means were based on F tests. For responses measured multiple times per year, sampling date was treated as a repeated measure. Signifi cance was determined at P ≤ 0.05. 
RESULTS AND DISCUSSION
Rainfall
Dry Matter Yield Total Dry Matter Yield
Stubble height did not aff ect total DM yield, but yield was aff ected by two-way interactions involving entries and harvest frequency (P = 0.036), entry and year (P < 0.001), and harvest frequency and year (P = 0.009). Entry × harvest frequency interaction occurred because when harvested every 21 d, the tetraploids, Argentine and Tift on 7, had greater total DM yields than the diploids, but when harvested every 7 d, Argentine outyielded all others while PCA Cycle 4 yielded least (Table 1) . Tift on 7, Tift on 9, and PCA Cycle 4, the most upright-growing entries, had greater total DM yields when harvested every 21 d than every 7 d, but there were no eff ects of harvest frequency on yield for the more decumbent Argentine and Pensacola. Harvesting every 7 vs. 21 d likely resulted in proportionally greater periods of negative C balance during which the upright types used reserves to form new leaves (Davies, 1988) . Previous studies have shown that Pensacola had a large percentage of herbage near soil level, resulting in high residual leaf area following defoliation and excellent tolerance of frequent, close clipping or grazing (Beaty et al., 1968) .
Th ere also was an interaction of harvest frequency and year for total DM yield. Across entries, total DM yield was greater each year when harvested every 21 d than every 7 d, but an interaction occurred because magnitude of the diff erence was greater in 2005 (10.6 vs. 8.7 Mg DM ha -1 ) and 2006 (12.5 vs. 10.7 Mg DM ha -1 ) than in 2007 (11.5 vs. 10.8 Mg DM ha -1 ).
Th e literature is not totally consistent on the eff ect of harvest frequency on bahiagrass yield, but the most typical response is for yield to increase as harvest frequency decreases. Beaty et al. (1963) noted that Pensacola yield was greater as frequency of harvest decreased; 6-wk intervals between harvests resulted in greater yield than 1-, 2-, 3-, or 4-wk intervals. Gates et al. (1999) in Georgia and Mislevy et al. (1991) in Florida found that total DM yield of Pensacola and Tift on 9 generally increased as harvest frequency decreased. Similarly, Cuomo et al. (1996) in Louisiana reported total DM yield of Argentine, Pensacola, and Tift on 9 increased as interval between harvests increased from 20 to 40 d.
A year × entry interaction occurred because total DM yield was aff ected by entry in 2005 and 2007 (Table 2) but not in 2006. In 2005, Argentine had greatest total DM yield, while PCA Cycle 4 yielded less than all entries. Th ere was no diff erence in total DM yield between Tift on 7 and Pensacola, and Tift on 9 had less yield than all entries except PCA Cycle 4. In 2007, Argentine and Tift on 7 had greater total DM yield than Pensacola and PCA Cycle 4, while Tift on 9 total DM yield was intermediate. In general, the tetraploids tended to have greater total DM yield than the diploids. Th e PCA Cycle 4 breeding line had less total DM yield than the other diploids in 2005, but its yield was similar to Pensacola and Tift on 9 in 2007. Th e general pattern of yield response was similar in 2006 to the other years, but yield occurred over a narrower range and no diff erences were detected. Th ere were year eff ects on yield for the diploids and Tift on 7, but Argentine yield did not diff er in any of the 3 yr (Table 2) .
Total DM yield observed in this study was similar to that reported for bahiagrasses under similar environments and management. Pedreira and Brown (1996) reported 3-yr mean yield of 7.8 and 8.7 Mg ha -1 for Pensacola and Tift on 9, respectively, in Athens, GA, when fertilized with 100 kg N ha -1 in spring and summer and cut to either 3.5 or 10 cm every 14 d. When fertilized with 56 kg N ha -1 before initial and aft er each harvest and cut to 7 cm every 30 d, Mislevy et al. (2005) reported 3-yr mean total DM yield of 11.2, 12.1, 10.3, and 11.9 Mg ha -1 for Argentine, Tift on 7, Pensacola, and Tift on 9, respectively, at Ona, FL.
Seasonal Dry Matter Yield
Seasonal yield refers to yield distribution within 3-wk periods across the growing season. Th e focus of this analysis was changes in the ranking of entries across the growing season, so the entry × evaluation period interaction received particular attention. Th ere were interactions of treatments with year, so data were analyzed by year. Within each year, seasonal DM yield was aff ected by entry × evaluation period interaction (P < 0.001), so data were analyzed by evaluation period within year.
Argentine and Tift on 7 generally had less spring (May) DM yield than the diploids in all 3 yr (Table 3) . In 2006 and 2007, this pattern of response continued through mid-June, possibly due to lower average low temperatures in those years than in 2005 (Fig. 2) . Chambliss and Adjei (2006) describe Argentine as less cold tolerant than Pensacola and Tift on 9, and as a result, it does not initiate growth as early in the spring. Cuomo et al. (1996) reported Argentine produced less forage (1.9 Mg ha -1 ) than Pensacola (3.1 Mg ha -1 ) or Tift on 9 (2.9 Mg ha -1 ) at a harvest on 19 May in Louisiana. Th e PCA Cycle 4 breeding line produced comparable yield in May and June to the other diploids, so the greater cool-season (October through April) yield of PCA Cycle 4 than Pensacola and Argentine (Blount et al., 2008) did not continue into May and June in the current study.
By late June and through the remainder of the growing season, the tetraploid entries (Argentine and Tift on 7) yielded as much or more DM per 3-wk period than the diploids (Table 3) . During summer and early autumn, PCA Cycle 4 yielded the least or equal to the least DM of any entry. All entries, including PCA Cycle 4 exhibited a decline in DM yield in autumn in all 3 yr. Below-average rainfall in September 2005 and for much of the latter part of the 2006 growing season likely contributed to this yield decrease in addition to shorter days. Th e pronounced decline in late summer and autumn yields in 2007 does not appear to be a function of rainfall as monthly totals were at or above 30-yr averages for July through October.
Summarizing the seasonal yield data, during the normal period of bahiagrass utilization the distribution of DM for the PCA breeding line is comparable to that of existing diploid cultivars Pensacola and Tift on 9, but yield is generally greater in spring than for the tetraploids. Data from previous research has shown that yield of the PCA type was less during the cool than warm season, but cool-season yield was superior to those of Pensacola and Argentine (Blount et al., 2008) . For example, in south central Florida there was a yield advantage of PCA Cycle 4 over Pensacola and Argentine during autumn (2.08, 1.71, and 1.01 Mg ha -1 , respectively for October through November), winter (1.64, 1.11, and 0.45 Mg ha -1 , respectively during December through early March), and early spring (1.50, 1.34, and 0.43 Mg ha -1 , respectively during early March to mid-April; Blount et al., 2008) . Bahiagrass dry matter yield within years as affected by entry × evaluation period interaction (P < 0.001 for 2005, 2006, and  2007) . Data are means across two stubble heights, two harvest frequencies, and three replicates for each evaluation period (n = 12). Weighted total-season CP concentration was aff ected by entry × harvest frequency interaction (P = 0.005; Table 4 ). When harvested every 7 d, Argentine, Pensacola, Tift on 9, and PCA Cycle 4 had similar CP concentrations, which were greater than Tift on 7. Th ere were no diff erences in CP among entries when harvested every 21 d. All entries had greater CP concentration when harvested every 7 than 21 d. Th ese data suggest that across a range of management practices PCA Cycle 4 is very similar in CP to the existing cultivars.
Year Entry
Similar to the approach used for herbage yield, the primary reason for assessing seasonal changes in herbage CP was to examine changes in rank of the entries across the growing season. As a result, the entry × evaluation period interaction received particular attention. Th ere was an entry × period × year interaction for seasonal CP, so data were analyzed by year. Within year, there was an entry × evaluation period interaction (P < 0.001) in 2005 and 2006. When analyzed by evaluation period in 2005, CP concentration was aff ected by entry (P < 0.05) during six of eight periods (Table 5) . Mean entry CP concentration ranged from 149 in May to 101 g kg -1 in July. In general, herbage CP concentration of all entries decreased from spring to summer and increased approaching autumn. Argentine tended to have greater herbage CP concentrations than other entries early and late in the growing season, while Tift on 7 tended to have less CP concentration than most entries throughout the growing season. Th e herbage CP concentration of PCA Cycle 4 was generally similar to that of the other diploids.
In general in 2006 there were few diff erences in herbage CP concentration among the diploids, and Tift on 7 tended to have less CP than most entries from late-summer through autumn (Table 5) . Argentine had greater CP concentration than all entries except Pensacola in mid-May and July, and greater CP concentration than all entries in mid-June, consistent with Muchovej and Mullahey (2000) and Mislevy et al. (2005) . Th ere were no diff erences in CP concentration among the other entries during periods starting in late May and late July, and among the diploids in general there were few diff erences in herbage CP concentration throughout 2006.
Th e seasonal trends in herbage CP concentration in this experiment were similar to results reported by other authors. Sollenberger et al. (1988 and , Stewart et al. (2007) , and Ezenwa et al. (2006) found that CP of Pensacola bahiagrass pastures was least during mid-summer and generally greatest during early-and late-season periods. Entry diff erences in herbage CP in the current study were small and inconsistent over time, thus there seems to be little reason to expect regular or predictable CP diff erences among PCA Cycle 4 and the other four entries.
In Vitro Digestible Organic Matter
Total-season IVDOM concentration was aff ected by entry × harvest frequency (P = 0.009; Table 4 ) and entry × year interactions (P = 0.001; Table 6 ). When harvested every 7 d, Tift on 9 and PCA Cycle 4 had greater IVDOM concentration than the other entries (Table 4) . When harvested every 21 d, IVDOM of Tift on 7 was less than all entries except Tift on 9 and Cycle 4. With the exception of Argentine, all entries had greater IVDOM concentration when harvested every 7 than 21 d. Th ese results are consistent with those published by Mislevy et al. (1991) in which IVDOM of Pensacola and Tift on 9 decreased as interval between defoliation increased. Adjei et al. (1989) reported Pensacola IVDOM decreased as grazing frequency decreased, but IVDOM of Argentine was not aff ected by grazing frequency. Mislevy and Dunavin (1993) reported greatest IVDOM for Pensacola and Argentine when grazed every 2 wk, compared to 3-, 4-, and 5-wk grazing frequencies.
When analyzed by year, total-season IVDOM concentration was aff ected by entry in both years (P < 0.001 in 2005 and P = 0.002 in 2006; Table 6 ). In 2005, Tift on 9 and PCA Cycle 4 had greater IVDOM concentration than the other entries. In 2006, PCA Cycle 4 had the greatest total-season IVDOM concentration among entries, while Tift on 7 had the least.
For seasonal herbage IVDOM concentration data there was entry × evaluation period × year interaction (P = 0.001), so data were analyzed by year. In 2005, the entry × evaluation period interaction was not signifi cant (P = 0.365), but there was evaluation period main eff ect (P < 0.001; Table 7 ). Interaction means are presented for 2005 (Table 7) for consistency of data presentation for IVDOM across the 2 yr and to correspond with presentation of yield and CP data. In 2006, there was entry × evaluation period interaction, so data were analyzed by evaluation period (P < 0.001).Th e 2005 seasonal pattern in IVDOM showed a decrease from spring to summer and then values remained consistent during autumn. For much of the 2006 growing season, PCA Cycle 4 IVDOM was similar to or greater than the other diploids. Th ere was a tendency for the tetraploids to have lesser IVDOM than the diploids throughout the growing season in 2006. In general, IVDOM concentration in 2006 remained fairly constant from spring through summer, and increased approaching autumn.
Tropical grasses show a fairly consistent seasonal pattern related to DM digestibility, with maximum levels occurring in spring, lesser values in mid-summer and early autumn, and an increase in late autumn (Coleman et al., 2004 ). In the current study, the 2005 data most closely follow this expected response, while in 2006 there was no peak observed in the spring. Forage produced during summer tends to have lower nutritive value due to increased lignin deposition associated with high temperatures, and increased growth rates and maturation associated with high rainfall (Adesogan et al., 2006) . Higher temperatures and more favorable soil moisture conditions in the summer promote more rapid growth and maturation, resulting in greater yields and lower digestibility (Chambliss and Sollenberger, 1991) .
Published diff erences in nutritive value among bahiagrass cultivars are generally small and inconsistent (Kalmbacher, 1997; Mislevy and Dunavin, 1993; Chambliss and Adjei, 2006) . Muchovej and Mullahey (2000) found no diff erences in IVDOM among bahiagrass cultivars in June, July, August, and October, while Mislevy et al. (2005) reported generally few diff erences in IVDOM among bahiagrass cultivars in June, August, and October. None of these studies included PCA lines. Th e IVDOM data from the current study suggest that PCA Cycle 4 herbage is at least as digestible and sometimes more digestible than the existing bahiagrass cultivars. Differences among cultivars were relatively small (<25 g kg -1 ); however, and their impacts on cattle gains are not known. Table 6 . Bahiagrass weighted total-season in vitro digestible organic matter concentration as affected by entry × year interaction (P < 0.001). Data are means across two harvest frequencies, two stubble heights, and three replicates for each year (n = 12).
SUMMARY AND CONCLUSIONS
During 3 yr of defoliation by clipping, PCA Cycle 4 yielded similarly or slightly less than the diploid cultivars Pensacola and Tift on 9. In most cases, the tetraploids Argentine and Tift on 7 outyielded PCA Cycle 4. Defoliation frequency but not stubble height infl uenced ranking of entries. Yield of PCA Cycle 4 was less than all other entries when harvested every 7 d, but it was similar to that of the other diploids when harvested every 21 d. Th rough May 2005 and mid-June 2006 and 2007, the diploids, including PCA Cycle 4, outyielded the tetraploids, but the tetraploids generally yielded more than the diploids for the remainder of the growing season. Less spring yield of the tetraploids was consistent with previous reports of slower early-season growth (Chambliss and Adjei, 2006) . Th e PCA Cycle 4 breeding line generally had similar totalseason and within-season CP concentrations as the other diploids, while Argentine oft en had the greatest herbage CP concentrations among entries during summer. Th e PCA Cycle 4 line had IVDOM that was similar to or greater than the other diploids and generally greater than the tetraploids, suggesting potential for modestly greater animal performance than some current cultivars.
From these data, it can be concluded that PCA Cycle 4 is no more productive during the May through October grazing season than other current cultivars of bahiagrass. Relative to the other cultivars, it is considerably less productive when harvested frequently (7 d), perhaps suggesting that its upright growth habit makes it less tolerant of frequent defoliation. Herbage CP of PCA Cycle 4 is comparable to that of other bahiagrasses, but these data show advantages in IVDOM of Cycle 4 compared to other currently used types. Inferior yield with frequent harvest suggests that studies to describe the persistence of PCA Cycle 4 are needed to further assess its merit for use in production systems.
